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Abstract
Data from Planck measurements of the cosmic microwave background (CMB) place important
constraints on models with light dark matter (DM) and light mediators especially when both lie in
the mass range below ∼ 1 GeV. In models involving kinetic mixing where the dark photon acts as
the mediator, these constraints are easily satisfied and the appropriate DM relic density achievable
if the DM is, e.g., a complex scalar, where p-wave annihilation occurs, or is the lighter component of
a split pseudo-Dirac state where co-annihilation dominates. In both of these cases, although higher
order in the dark gauge coupling, gD, the corresponding annihilation processes including dark photon
initial state radiation (ISR) will be dominantly s-wave with essentially temperature independent cross
sections. The rates for these dark ISR associated processes, though not yielding cross sections large
enough to contribute to the relic density, can still run into possible conflicts with the bounds arising
from the CMB. In this paper we perform a preliminary study of the present and potential future
constraints that the CMB imposes on the parameter spaces for both of these scenarios due to the
existence of this dark ISR. Further analyses of the effects of dark ISR in DM annihilation is clearly
warranted.
†rizzo@slac.stanford.edu
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1 Introduction
The nature of dark Matter (DM) and its possible interactions with the particles of the Standard Model
(SM) other than via gravity remains a great mystery. While Weakly Interacting Massive Particles
(WIMPs) [1,2] and axions [3–5] remain as quite viable contenders for the role of DM, increasingly sensi-
tive experiments have failed to yield any convincing signals [6–8] for these long anticipated states. The
continued shrinking of the allowed parameter spaces for these scenarios has stimulated a rapid growth
of new DM models covering exceedingly wide ranges in both possible masses and couplings [9–12]. As
current experiments seemingly disfavor the interaction of DM with us via SM strength couplings, other
new interactions must likely exist to explain, e.g., how DM reaches its observed relic abundance [13,14].
One way to classify such new interactions is via a set of ‘portals’ linking the SM with fields in the dark
sector. Only a few renormalizable, dimension-4 portals exists; of these, the vector boson/kinetic mixing
(KM) portal has received a wide amount of attention in the literature [15, 16] and will be the subject of
our discussion below. In the simplest version of such a scenario, the DM fields are SM singlets but are
instead charged under a new U(1)D gauge interaction, with corresponding gauge coupling gD, mediated
by a dark photon (DP) [17] whose mass can be generated by the dark analog of the SM Higgs mechanism.
This DP then kinetically mixes with the SM U(1)Y hypercharge gauge boson at, e.g., the 1-loop level via
a set of ‘portal matter’ fields which are charged under both gauge groups [18–20]. After the gauge fields
are canonically normalized and the usual SM and dark spontaneous symmetry breakings occur, the DP
picks up a small coupling to the SM fields. For a DP in the mass range below a few GeV, this coupling
is quite well approximated simply by ' eQem, where  is a small dimensionless parameter, ∼ 10−(3−4)
in the present discussion, that describes the magnitude of this loop-suppressed KM.
The KM scenario is of special interest when the DM and DP are both relatively light <∼ 1 GeV as in
such a case the DM can be a thermal relic in a manner similar to what occurs in the WIMP scenario1.
For such a range of masses, pair annihilation of DM to achieve the proper relic density via the exchange
of a virtual DP usually results in pairs of electrons, muons, or light charged hadrons. For DM at the
∼ 10− 1000 MeV mass scale2, constraints from Planck [22] on the CMB tell us that at z ∼ 103 the DM
annihilation cross section into light charged states, e.g., e+e−, must be relatively suppressed [23, 24] to
avoid injecting additional electromagnetic energy into the plasma. This constraint lies roughly [25] at the
level of ∼ 5× 10−29 (mDM/100 MeV) cm3s−1, and is seen to depend approximately linearly on the DM
mass so that it becomes relatively ineffective above masses >∼ 10−30 GeV. This constraint for DM in this
∼ 10− 1000 MeV mass range, however, lies several orders of magnitude below the cross section required
to reach the observed relic density during freeze out, e.g., < σvrel >FO' 4.4(7.5)× 10−26 cm3s−1 for an
s-wave annihilating, self-conjugate fermion (or a p-wave annihilating complex scalar) DM [13, 14]. This
requirement puts a strong constraint on the nature of the DM interacting with the SM via the DP as well
as on their relative masses. For example, if mDM > mDP , then DM can annihilate into a pair of DPs
which will likely be the dominant mechanism to achieve the observed relic density. As an s-wave process,
the cross section for this reaction during freeze out and during the time of the CMB would naturally
be quite similar and so this reaction, as well as those for other s-wave annihilation processes, would
necessarily be forbidden for light DM by the above mentioned constraints. Clearly a set of mechanisms
that reduce the DM annihilation cross section as the temperature, T , decreases are required. One obvious
way to avoid this constraint is to require that mDM < mDP and also that the s-channel DP-mediated
annihilation process be p-wave so that it is velocity-squared suppressed at times much later than freeze
out; this is quite helpful since v2rel ∼ T . This possibility restricts the DM to be a Majorana fermion
(which can only have axial-vector couplings to the DP and is not realized within the present context) or a
complex scalar, φ. Note that since Dirac fermion DM annihilation via an s-channel, spin-1 exchange with
only vector couplings is dominantly s-wave, this possibility is forbidden within the above range of masses.
A second scenario is that the DM is pseudo-Dirac, forming two mass eigenstates, χ1,2, that are split in
mass and which co-annihilate to the SM via the DP. For a fixed mass splitting, as the temperature drops
this co-annihilation process becomes highly Boltzmann suppressed thus avoiding the CMB constraints.
The parameter spaces of these two classes of models for light DM/DP in the mass range of interest to
1The DP and DM masses are naturally similar in several scenarios, e.g., models with extra dimensions where the scale
of their masses is set by the (inverse) size of the compactification scale, R.
2The rough lower bound on the DM mass of ∼ 10 MeV is taken from Ref. [21]
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us here have been widely studied [10, 11] and it is known that the observed relic density is achievable in
both these setups while still satisfying all other existing experimental constraints.
For SM singlet DM, the lifting of velocity (and/or helicity) suppression of DM annihilation in many
models via the final state radiation (FSR) of SM gauge bosons off of other SM fields in the final state is
well-known [26–28]. In our mass range of interest, the only possible on-shell FSR would be via photons
being radiated off of, e.g., an e+e−, µ+µ− or light charged hadron final state. Less well studied, but of
similar, and in some cases more, importance is the initial state radiation (ISR) of the dark mediator field,
here the DP, off of the annihilating DM [29]. Note that since the DM can only be a SM singlet in the
present scenario, such ISR must necessarily be dark at tree-level. Given the discussion above, this process
can obviously be of most relevance to us when mDM < mDP < 2mDM which is a relatively narrow mass
window but is of important experimental interest since within it any DPs produced on-shell can decay
only to SM final states. There are many existing and proposed searches for such classes of events [30–37].
We note, and as will be examined further below, that dark ISR can, in principle, lead to some
affects which are not possible via FSR: (i) In the case of complex scalar DM, FSR cannot lift the p-
wave suppression since this is the result of the (non-relativistic) coupling of the two spin-0, on-shell
initial states with the spin-1, off-shell DP. This is easy to see as in the non-relativistic limit, the usual
scalar coupling, (p1 − p2)µ has, to O(v2rel), only non-zero 3-spatial components, ' mDMvrel, so that
this automatically leads to a p−wave process. Dark ISR changes this situation in that now one of the
DM particles in the initial state annihilating via the virtual DP, itself goes off-shell. We now make a
rather simple observation: although this process is ∼ g2D/4pi3 = αD/pi suppressed it is still dominantly
an s-wave annihilation mechanism, though it is too small to make any significant contribution to the DM
relic density. However, it can yield a rate which is sufficiently large so as to be in potential conflict with
the CMB constraints above and thus lead to restrictions on the model parameter space; we will examine
this possibility below. (ii) Similarly, in the case of pseudo-Dirac DM, the two DM mass eigenstates
couple in an off-diagonal manner to the DP while the ‘diagonal’ couplings, which would be unsuppressed
s-wave annihilations, are absent at lowest order in gD. It is well known that obtaining the observed relic
density via the co-annihilation process requires that the relative mass splitting of these two eigenstates be
relatively small, i.e., δ = ∆m/mDM << 1. If not, this process becomes highly Boltzmann suppressed by
a factor of order ∼ e−δxf with xf = mDM/TFO ' 20− 30. As we will see below, dark ISR may partially
negate this (very) large Boltzmann suppression even in cases where this mass splitting is no longer so
small, i.e., δ <∼ 0.1−1, but at the cost of this additional power of ∼ αD/pi. The resulting rate is, however,
too small to make a significant contribution to the relic density. But in this case too, an s-wave process
is the net result so that the question again arises as to whether or not the bounds from the CMB remain
satisfied once ISR of a DP occurs. We will address this issue within this model context in the subsequent
analysis as well. Clearly the implications of ISR dark radiation for the allowed parameter space of a given
DM model warrants some further examination and that is goal of the preliminary analysis below.
The outline of this paper is as follows: in Section 2, we will discuss the general overarching model
structure that we will consider and then immediately turn our attention to the specific case of complex
scalar DM. In particular, we will explore the extent to which dark ISR can lead to conflicts with the
constraints arising from the CMB and the corresponding restrictions this imposes on the complex DM
model parameter space. Similarly, in Section 3, we will explore the impact of dark ISR in the case of
pseudo-Dirac DM wherein co-annihilation is the dominant process leading to the observed relic density.
We again will examine the possible conflict with the CMB constraints that can arise and which lead
to restrictions on the model parameter space even in cases where the mass splitting between the two
eigenstates is significant and contrast this with the previously examined case of complex scalar DM. A
discussion and our conclusions can be found in Section 4.
2 General Model Features and the Complex Scalar DM Scenario
We first briefly summarize the common features of the basic framework that we consider below, restate
our essential assumptions and then establish subsequent notation before continuing with our analysis.
2
2.1 Basic Setup
The interactions in the (mostly) dark gauge/Higgs sector of our model in the original weak eigenstate
basis are described by the general Lagrangian
L = −1
4
Vˆµν Vˆ
µν − 1
4
BˆµνBˆ
µν +

2cw
VˆµνBˆ
µν + (DµS)
†(DµS)− U(S†S)− λHSH†HS†S + LSM , (1)
where Vˆ , Bˆ are the kinetically mixed U(1)D DP and the SM weak U(1)Y hypercharge gauge fields,
respectively, with the strength of this KM being described by the dimensionless parameter ; here cw =
cos θw with θw being the usual SM weak mixing angle. Since we will assume that the KM parameter is
very small in what follows,  ' 10−(3−4), except where necessary we can work to leading order in . In
this limit the KM is removed by the simplified field redefinitions Bˆ → B+ cw V, Vˆ → V . H,S denote the
SM and dark Higgs fields, respectively, while LSM describes the rest of the interactions of the SM. The
vacuum expectation value of S, vs/
√
2, resulting from minimizing the potential U , generates the mass
of the DP, mDP = mV = gDQD(S)vs, via the dark covariant derivative Dµ = ∂µ + igDQD(S)Vˆµ. Here,
gD is the U(1)D gauge coupling and QD(S) is the relevant dark charge of S. Due to the vevs of both H
and S, λHS 6= 0 generates a mass mixing between the SM and dark Higgs fields which we will necessarily
assume to be very small to avoid the strong bounds arising from invisible Higgs decays [38] and so will
be considered to be phenomenologically irrelevant in the subsequent discussion. It will also be assumed
that mS > (1 − 2)mV , similar to what happens in the SM, so that S is guaranteed to be unstable and
can decay sufficiently rapidly as, e.g., S → 2V (or → V V ∗) although the specific details of this will not
be required for the discussion below.
2.2 Complex DM
While the form of L above is quite general, the addition of the DM itself will introduce some new terms
to this set of interactions. In this subsection, we consider the case where the DM is a complex scalar, φ;
the form of the general additional pieces of the Lagrangian in this case are given by
LDM = (Dµφ)
†(Dµφ)− Uφ(φ†φ)− (λHφH†H + λφSS†S)φ†φ , (2)
where Dµ is the relevant covariant derivative for φ, whose dark charge will be taken to be unity in what
follows without loss of generality. The potential Uφ describes the (taken to be weak) DM self-interactions
which we assume do not generate a vev for φ so that it can remain stable. The quartic couplings of φ
with both S and H, described by the coefficients λφ(S,H), respectively, will also be assumed to be quite
small and to play no essential role in what follows.
Under this set of assumptions, the DM-DP gauge interaction completely dominates and leads to a
slightly modified version of the well-known expression [39] for the annihilation cross section of scalar
DM pairs into SM fields in our mass range of interest; summing over electron, muon and light charged
hadronic final states, this is given by
σDMvrel =
g2D
2e2
6pi
sβ2φ
(s−m2V )2 + (ΓVmV )2
[
1 +
βµ(3− β2µ)
2
θ(s− 4m2µ) +R θ(s− 4m2pi)
]
, (3)
where s is the usual center of mass energy, β2φ,µ = 1 − 4m2φ,µ/s are the squares of the DM (muon)
velocities, ΓV is the total decay width of the DP, and R is the familiar cross section ratio R = σ(e
+e− →
hadrons)/σ(e+e− → µ+µ−) via virtual photon exchange for massless muons. Of course, this hadronic
contribution only turns on above the two-pion threshold; note that the electron mass has been neglected
in the expression for σDMvrel. Here we observe the explicit β
2
φ-dependence of the DM annihilation cross
section as expected from the discussion above. ΓV depends sensitively on the value of r = mφ/mV
since for r < 1/2, the DP can decay dominantly into DM pairs with a reasonable large partial width,
ΓV /mV = g
2
Dβ
3/48pi 3, where β2 = 1 − 4r2. However, for larger values of r, in the region of interest to
3Here it is assumed that gD is a typical-sized gauge coupling.
3
us below, only the DP decays to SM states are allowed and these modes all have partial widths that are
2 suppressed, e.g., Γ(V → e+e−)/mV = (e)2/12pi, when the electron mass has again been neglected.
To obtain the thermally averaged cross section leading to the DM relic density we integrate the above
expression weighted by the Bose-Einstein distributions of the incoming complex DM states. Though this
is p-wave suppressed, the thermal average of the above cross section can yield the observed relic density
for the 1/2 < r < 1 range of interest as is shown in Fig. 1. Special care must be taken with the resonance
enhancement region [40, 41] which we take some minor advantage of in the calculation. For example, if
one takes gD ' 3 × 10−4 and mV ' 100 MeV, the required cross section is obtained near r ' 0.75,
essentially at the center of our mass range of interest. Similar other combinations of parameter choices
within the mass range 1/2 < r < 1 can work equally well but we will employ this value, r = 0.75, as
a rough benchmark below as it is relatively far off-resonance. Clearly, we observe that solutions also
exist when r < 1/2 but they lie outside the specific mass region of interest to us here. Of course, this
parameter space will be further constrained by other future experiments, e.g., via dark photon production
at accelerators or via DM direct detection experiments employing φ scattering off of electrons and/or
nucleons.
Figure 1: The thermally averaged complex scalar DM annihilation cross section assuming mV = 100
MeV, gD = 10
−4 with xf = 20. The expression in the square bracket in the text has been set to unity
here. The corresponding results for other values of these input parameters can be obtained via simple
rescaling using the equation in the text. The dashed line shows the approximate required annihilation
cross section needed to obtain the observed relic density.
We turn now to our first example of the influence of dark ISR. Consider the specific process φ†φ →
V V ∗, V ∗ → e+e−, which occurs via both t− and u−channel DM exchanges as well as via the usual
4-point coupling. We will consider this reaction in the non-relativistic limit for the DM in the mass range
of interest 1/2 < r < 1, which is necessarily a non-resonant process; we will continue to take me = 0 for
simplicity in what follows as we will always assume that mDM >> me. We note that if λφS , discussed
above, were significant, something that we have assumed not to be the case here, then an additional
s-channel diagram would be possible via virtual S∗ exchange followed by S∗ → V V ∗. We find, however,
that even when λφS is significant, this contribution would be relatively numerically suppressed (by up
to one or two orders of magnitude) due to a combination of overall constant factors combined with a
relative ratio of (mV /mS)
4 << 1 in comparison to that coming from DP exchange. In any case, we will
ignore this possible contribution here.
Recall that these t−, u−channel DM exchanges added to the 4-point interaction result in an s-wave
4
process and so it is subject to the above mentioned constraints from the CMB. We can write the numerical
result for the annihilation cross section for this reaction as
σDMvrel = 1.98× 10−2 σ0
(gD
e
)2 ( gD
10−4
)2 (100MeV
mV
)2
I , (4)
where σ0 = 10
−26 cm3s−1 sets the scale to that which is roughly required for the annihilation cross section
to result in the observed DM relic density and I is the phase space integral
I = 2v2
∫ (1−v)2
0
dx12
∫ max
min
dx23
2(1− x23)(x12 + x23 − v2)− x12(1 + v2 + x12)
(1− x12 − v2)2[(x12 − v2)2 + (Gv2)2] , (5)
where v = 1/2r = mV /2mφ, G = ΓV /mV , x12 = m
2
ee/4m
2
φ, with mee being the e
+e− invariant mass
in the final state, x23 = 1 − Ee−/mφ with Ee− being the corresponding electron energy, and the range
of the x23 integration is given by (max,min) =
1
2 (1 − x12 + v2) ± 12 [(1 − x12 − v2) − 4x12v2]1/2. In
terms of the parameter v, we note that the φ†φ → V ∗ → e+e− resonance region lies in the vicinity of
v ' 1 while the on-shell φ†φ→ 2V process occurs when v ∼ 1/2 so we must lie away from both regions.
Since the reaction with ISR is an s-wave process (and keeping well away from the resonance region),
the thermal average cross section is essentially the same as the non-relativistic cross section itself, i.e.,
< σDMvrel >' σDMvrel, so that numerical results can be obtained in a rather straightforward manner
employing the familiar velocity expansion. This will be a very good approximation at the the time of the
CMB in which we are interested as higher order terms in v2 ∼ T will necessarily be quite suppressed.
The top panel of Fig. 2 shows the result of this calculation obtained by taking the same set of input
parameters as above, i.e., mV = 100 MeV, gD = 3× 10−4, r = mφ/mV = 0.75 (implying that mφ = 75
MeV and v ' 0.667) and assuming that gD = gwk[e], where gwk is the SM SU(2)[QED] gauge coupling,
for purposes of demonstration; we then find that σDMvrel ' 2.6(0.59)× 10−29 cm3s−1. The first of these
values, while still allowed, lies relatively close to the current rough CMB bound for this DM mass as
given in Ref. [25], i.e., ∼ 3.5 × 10−29 cm3s−1 while the second still lies well within a rather safe region.
Thus, at present, while part of this model’s parameter space will certainly be excluded by dark ISR, the
existing CMB bounds are relatively weak and still remain seemingly easy to evade while simultaneously
allowing for the observed relic density. As seen in the Figure, possibly significant improvement in these
CMB bounds from future measurements by up to an order of magnitude [25] will increase any tension
with the parameter space required to obtain the observed DM relic density, excluding the benchmark
with the choice gD = gwk.
In order to get a more general feeling for the constraints that the existence of the dark ISR process
can impose on the parameter space of this model, it is convenient to consider the dimensionless parameter
η as defined by following combination of factors:
η = αD

10−4
[100MeV
mV
]3/2
, (6)
where αD = g
2
D/4pi as usual
4. It is important to note the particular fundamental parameter dependence
of η as defined here. Given the discussion of the DM annihilation cross section above, we might roughly
expect that η generally lies in the range ∼ 0.1− 1. Employing the approximate form of the CMB bound
discussed above and the results in the top panel of Fig. 2 we can obtain the constraints on η as shown
in the lower panel of the same Figure together with the predictions for our benchmark point with either
gD = gwk or gD = e. While the latter is quite safely inside the allowed region, the former lies close to,
but still below, the boundary in the presently allowed region as we found above. Here we see that future
CMB measurements will be easily able to exclude this particular parameter choice. These preliminary
results show the potential impact of considering the important effects of dark ISR as part of the complete
DM annihilation process in this mass range especially in determining the allowed parameter space for
any given model.
4Note that η is somewhat similar in spirit to the parameter y used to describe the parameter space for both DP production
as well as the scattering cross section in DM direct detection experiments [10,11].
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Figure 2: (Top) The annihilation cross section for the process φ†φ → V V ∗, V ∗ → e+e− in the non-
relativistic limit assuming mV = 100 MeV, gD = 10
−4 and gD/e = 1 for purposes of demonstration
as a function of the ratio v = mV /2mφ. Here σ0 = 10
−26 cm3s−1 sets the overall cross section scale.
The cross section for other parameter choices can be obtained by simple rescaling, employing the formula
given in the text. (Bottom) Present (potential future) upper bound on the dimensionless parameter η
described in the text as a function of v = mV /2mφ corresponding to the upper (lower) curve, respectively.
The benchmarks for η shown here correspond to the two parameter choices discussed in the text where
r = 0.75, m1 = 100 MeV, gD = 3 × 10−4 and with gD = gwk(e) corresponding to the upper (lower)
point.
6
3 Pseudo-Dirac Scenario
We now turn to the case of a pseudo-Dirac DM particle; here the complex scalar part of LDM above is
replaced by
LDM = iχ¯γ
µDµχ−mDχ¯χ− (ysχ¯χcS + h.c.) , (7)
where, in addition to the U(1)D-invariant Dirac mass, mD, we assume that an additional Majorana mass
term, mM , is generated by χ’s coupling to S after it obtains the dark Higgs vev, vs. For this to happen,
of course, we need to require that 2QD(χ) + QD(S) = 0 which is easily arranged. In such a case, the
Dirac field χ splits into two distinct mass eigenstates: χ = (χ1 + iχ2)/
√
2i and χc = i(χ1 − iχ2)/
√
2,
with m1,2 = mD ∓mM where mM = ysvs/
√
2 and ys being a (assumed real) Yukawa coupling
5. The
fractional mass splitting between these two states is then simply δ = (m2 −m1)/m1 = 2mM/m1 which
may, in principle, be O(1) or even larger. For values of δ >∼ 0.01 − 0.05 or so, it is unlikely that any
signal would be obtained in this scenario from direct detection experiments [42] at tree level since the
DM trapped in the galaxy would have insufficient velocity to excite the higher mass state. Here χ1 is
identified with the stable DM whereas χ2 can now decay to χ1 plus a (possibly on-shell) DP due to an
off-diagonal interaction. For small δ, where V is clearly off-shell, this lifetime can be fairly long since the
decay width roughly scales as ∼ (gDe)2δ5 [43,44]. In the mass eigenstate basis, this leading off-diagonal
interaction of χ1,2 with the DP, V , is given by
Lint = igD
(
χ¯1γµχ2 − χ¯2γµχ1
)
V µ , (8)
from which we see immediately why co-annihilation via virtual V−exchange is necessary to obtain the
observed DM relic density since the ‘direct’ reactions χ¯1(2)χ1(2) → V ∗ → e+e− do not occur at lowest
order in gD.
As is well-known [45], the co-annihilation process cross section for χ¯1χ2 + h.c. → V ∗ → e+e− at
freeze-out is suppressed by a factor of λ = 2F/(1 + F )2 [45], where F = (1 + δ)3/2e−δxf , in comparison
to the naive calculation due to the thermally suppressed χ2 distribution. For δ = 0.1(0.2, 0.3) one finds
that F = 0.156(0.024, 0.0037), assuming that xf = 20, and which falls quite rapidly as δ increases further
and hence the reason why small values of δ are preferred in obtaining sufficiently large cross sections. In
the non-relativistic limit for this s-wave process we find that this annihilation cross section, using the
notation above (but now with r = m1/mV ), is given by
σDMvrel = 34.1 λσ0
( gD
10−4
)2 (100MeV
mV
)2 r2(1 + δ)
[r2(2 + δ)2 − 1]2 +G2 . (9)
Here we have assumed that the contributions to < σDMvrel > from both the χ¯1χ1 and χ¯2χ2 channels
can be neglected since they appear only at higher order in g2D. Taking, e.g., δ = 0.1(0.2) with mV = 100
MeV, r = 0.75 and gD = 3× 10−4, similar to that employed above, and performing the thermal average
explicitly we find that < σDMvrel >' 11.6(1.84)σ0 where the ‘target’ value to explain the observed DM
relic density is ' 4.4σ0 [13, 14] thus demonstrating that the required cross section is readily achievable6
The cross sections for the more general case can be obtained by using the results found in Fig. 3 as a
function of r > 1/2 for different values of δ and then simply rescaling using the equation above but with
the possible addition of the terms appearing in the square bracket in Eq.(3) depending upon the DP
mass. It is clear from this Figure that for δ much greater than ∼ 0.2 or so it is difficult to obtain the
observed relic density for DM and DP in this mass range.
At later times, e.g., during the CMB (at roughly z ∼ 103), this cross section is suppressed by a
factor of order ∼ e−δxf (TFO/TCMB) as previously noted so that the CMB constraints are simultaneously
very easily satisfied. We note that if m1 > mV then the s-channel cross section for χ¯1χ1 → 2V with V
on-shell is no longer 2 suppressed and can easily lead to conflict with CMB constraints as was the case
for φ†φ → 2V above; thus we have maintained the requirement that r < 1 in our calculations here to
avoid this issue.
5Note that in our notation χ1 is the lighter state and we will for simplicity assume that mM < mD here.
6For smaller values of δ, e.g., 0.01, cross sections larger by a factor of ' 2.7 may be achieved for this value or r.
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Figure 3: The thermally averaged value of σDMvrel for the case of pseudo-Dirac DM for the same
parameter choices as made as in Fig. 1 assuming r = mDM/mV > 1/2 and with annihilation solely to the
e+e− final state. The top( middle, lower) curve corresponds to the choices δ = 0.1(0.2, 0.3), respectively.
With DP ISR, the s-wave process χ¯1χ1 → V V ∗, V ∗ → e+e− becomes possible when 1/2 < r < 1
where the χ2 is now exchanged in the t− and u−channels; the corresponding process with χ1 interchanged
with χ2 still remains doubly Boltzmann suppressed. One may worry that the Majorana mass term above
now allows for a potentially large coupling ∼ mm/vs of χ¯1χ1 to S so that S-exchange itself could directly
mediate the χ¯1χ1 → V V ∗ process. While true, it is easy to convince oneself that this process is necessarily
dominantly p-wave and so is suppressed by v2rel at the later CMB times of relavence here.
Again employing the non-relativistic limit, we can obtain the χ¯1χ1 → V V ∗, V ∗ → e+e− annihilation
rate now given by
σDMvrel = 3.96× 10−2 σ0
(gD
e
)2 ( gD
10−4
)2 (100MeV
mV
)2
v2J , (10)
where v = mV /2m1 and J is the phase space integral
J =
∫ (1−v)2
0
dx12
∫ max
min
dx23
(1− x12 + v2)[(1− x13)(x13 − v2) + (1→ 2)]− (x13 − v2)(x23 − v2)(1 + v2)
[(x12 − v2)2 + (Gv2)2][1− x12 − v2 + (z2 − 1)2]2 ,
(11)
where we follow the same notation as above and also define the quantities z = m2/m1 = 1 + δ and x13 =
1+v2−x12−x23 = 1−Ee+/m1. The top panel of Fig. 4 shows the numerical results for this cross section
as a function of v for various values of δ = z−1. Taking, e.g., r = 0.75, gD = gwk and gD = 3×10−4, as
above, for purposes of demonstration, we find that σDMvrel ' 4.83(3.41, 1.40, 0.44, 0.10, 0.011) × 10−28
cm3s−1 for δ = 0.1, 0.2, 0.5, 1, 2 and 4, respectively7. Comparing with the rough cross section limit from
the CMB above [25] for this DM mass we see that smaller values of δ now become excluded for these
parameter choices. This implies that possible tension with the CMB constraints for smaller values of δ
is more likely in this scenario than that found earlier in the previously considered case of complex scalar
DM.
In the lower panel of Fig. 4, we see the present and potential future bounds on the parameter η
introduced above for the range δ = 0.1 − 2. Also shown are the predictions for the above benchmark
7For smaller values of δ, e.g., 0.01 corresponding to z = 1.01, cross sections larger by a factor of ' 1.3 can be achieved
with this assumed value of r.
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Figure 4: (Top) σDMvrel as a function of v = mV /2m1 for various values of δ. From top to bottom,
the curves correspond to the values of δ = 0.1, 0.2, 0.5, 1, 2 and 4, respectively. As above, the values of
mV = 100 MeV, gD/e = 1 and gD = 10
−4 have been assumed. (Bottom) Present (solid) and potential
future (dash) bound on the parameter η as defined in the text as a function of v for, from bottom to
top, δ = 0.1, 0.2, 0.3, 0.5, 1 and 2, respectively. As above, the benchmarks shown correspond to the
two parameter choices discussed in the text where gD = gwk(e) is the upper (lower) point as is described
above.
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points with r = 0.75, mV = 100 MeV and gD = 3 × 10−4 when we take either gD = gwk or gD = e
corresponding to the upper or lower data point. Here we see that for δ <∼ 0.3, the former choice of
gD = gwk is already excluded by the existing data while improvements in the bounds from the CMB
measurements may eventually exclude larger values up to roughly δ <∼ 2 and possibly also exclude the
latter choice of coupling strength, gD = e, when δ <∼ 0.15. Clearly the CMB constraints will place
reasonable constraints on the parameter space of this model.
4 Discussion and Summary
The kinetic mixing model with both dark photons and dark matter in the sub-GeV mass range poses an
interesting alternative to the well-studied traditional WIMP and axion scenarios. However, constraints
from the CMB can pose significant model building requirements on this class of models in that the
annihilation process by which the DM achieves the observed relic density cannot be dominantly s-wave,
or more generally, temperature-independent. Annihilation via a p−wave process, as in the case of complex
scalar DM, or via co-annihilation, as in the case of pseudo-Dirac DM with a small mass splitting, offer
two attractive alternative setups that circumvent these constraints. In both these scenarios, the emission
of additional dark ISR in the form of a DP as part of the annihilation process, though higher order in αD,
necessarily leads to a numerically suppressed s−wave process with a rate that is insufficient to explain
the DM relic density but may still be in conflict with the bounds from the CMB in certain parameter
space regimes. This leads to an additional set of constraints on the model space of these scenarios and, in
this paper, we performed a preliminary examination of the impact of these constraints arising from the
rate for the emission of this additional DP. Indeed, potentially important constraints were obtained for
both the charged scalar and pseudo-Dirac scenarios, particularly in the later case when the mass splitting
between the two eigenstates is small as it must be to generate the observed relic density. These dark ISR
constraints were found to scale with the general model parameters roughly as ∼ αDm−3/2V G, where G
is a dimensionless function of the ratio of the DM and DP masses, mDM/mV and possibly other specific
model dependent parameters, such as the mass splitting between the two pseudo-Dirac states encountered
above. Future improvements in the measurements of the CMB by the next generation of experiments
were also shown to be able to significantly strengthen these present bounds in specific directions in the
model parameter space.
Further detailed study of the effects of the CMB constraints and dark ISR on the parameter spaces
of DM models is clearly warranted.
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